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 In this paper, author considers three schemes to reduce the fault number 
caused by lightning on transmission lines. Three schemes considered in this 
research include increase in the insulator string length, surge arrester 
installation, and surge arrester installation in combination with increase in the 
insulator string length. A new algorithm is proposed to determine the best 
scheme which guarantees the number of faults caused by lightning satisfies 
the required value and its investment is the cheapest in them. With a fore-
given required value of the fault number caused by lightning, this algorithm 
indicates the number of tower positions needing to improve and improving 
methods at those towers in detail. To verify this algorithm, a sample 220kV 
transmission line is used. With this transmission line and the desired value of 
fault number caused by lightning, the algorithm gives the lowest investment 
cost and it also demonstrated in detail which towers should install surge 
arrester, which towers should increase the insulator string length. 
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Overhead transmission line is often several tens of meters in height [1] and from several kilometers 
to hundreds of kilometers in length [2]. Therefore, the route of transmission lines can cross areas with 
different natural conditions. Hence, the parameters of a real transmission line’s towers including the heigh of 
tower, length span, tower footing resistance, and so on are not constant. In operation, lightning can strike to 
nearby the line route or directly to the line. In both two cases, the external overvoltage phenomenon occurs 
on the line’s insulator [3-5]. It depends on the lightning current amplitude, this overvoltage can be over the 
withstand voltage of the insulator string and hence, the spark discharge occurs on the insulator. If the 
transition from the spark to arc discharge is successful, a short circuit will occur and then, the line’s circuit 
breaker will trip to isolate this lightning caused fault [5]. It means the transmission line is unscheduled supply 
interruption [4]. 
If lightning directly strikes to the phase wire of line, the probability of the fault occurrence is very 
high. To reduce the risk of lightning to transmission line, shield wires are often hanged on the top of 
the line [1, 5]. With the transmission line hanged shield wires, the lightning mainly strikes to the shield wires 
and hence, the number of shielding failures reduces insignificantly if the shield wires' protective angle is 
small enough. Though the shield wires are grounded at all towers, the over-voltage on the insulator string of 
the line still occurs when the lightning strikes directly to the shield wires [3, 5] and hence, it can cause 
unscheduled supply interruption. Many publications introduced the calculation method of the lightning 
tripping rate (LTR) for the transmission line [6-11]. 
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With a transmission line hanged shield wires, reducing LTR is still an interesting issue. 
Conventional methods to reduce LTR include decrease in the shield wires' protective angle, the tower footing 
resistance at towers and increase in the insulator string length. Recently, surge arresters (SA) are 
implemented on the line to reduce LTR. Some studies used Electromagnetic Transient Program (EMTP) 
software to analyze the impact of lightning strike on the line [12-18] and to evaluate the impact of surge 
arrester and tower footing resistance [14-16] on the lightning performance. In fact, to reduce LTR of a 
transmission line, the SA installation at all towers of a line is almost impossible because of high cost of SA.  
An interested problem is that we must reduce the LTR of transmission line to a desired value but we 
must save investment cost as much as possible. It means that we can not improve all towers of line. We need 
to determine tower positions and improving method to obtain the highest efficiency. Practically, the number 
of faults caused by lightning (NFCL) per year at each tower depends on many parameters such as tower’s 
height, span length, ground resistance, etc. Therefore, to reduce the LTR value with a cheap investment cost, 
we should find towers with high NFCL value and then, we must propose reasonable improving methods for 
those towers. Currently, it is hardly a publication to solve this problem. 
In this paper, author proposed an algorithm to solve that problem. This algorithm will determine a 
suitable scheme to reduce the number of faults caused by lightning (NFCL) on a transmission line to a 
desired value. This algorithm is developed based on three methods including increase in the insulator string 
length (ISL) method, SA installation method, and the combination of SA installation with ISL. The scheme 
determined by this algorithm must guarantee that the total NFCL or LTR value satisfies the required value 
and saving the investment cost. To verify this algorithm, we implement in to a 220kV transmission line. 
The results will be evaluated and analized. 
 
 
2. PROBLEM OF METHODS OF LIGHTNING TRIPPING RATE REDUCTION 
There are many methods to reduce LTR or NFCL of a transmission line. Conventional methods 
include shelding wire, decrease in tower footing resistance, increase in the insulator string length, surge 
arrester installation, etc. In almost transmission lines, shield wires have already been hang on the top of the 
line and the tower footing resistance is quite small but the LTR value is still quite high. Hence, it is still 
required to reduce LTR to a desired value.  In this case, the methods of surge arrester installation and 
increase in the insulator string length should be considered. These methods have both benefit and drawback 
as following: 
 
2.1. Surge arrester installation 
SA is conventionally used to protect equipment in power substations from external overvoltages 
traveling from the connected transmission line. However, recently, it is used to protect an insulator string 
instead of horn gap because it can extinguish automatically arc. Therefore, when we hang a suitable SA in 
parallel the insulator string, the flashover does not occur on the insulator string in the case of lightning strike. 
It means if we hang SA at all insulator strings of a tower, the NFCL value at this tower can be supposed zero. 
It is worth to note that SA is too expensive to install at all towers of a transmission line. 
 
2.2. Increase in the insulator string length (ISL)  
The length of the insulator string impacts significantly on the NFCL value. The main reason is that 
the normal electric field 𝐸𝑛𝑜𝑟𝑚 is inversely proportion to the insulator string length 𝑙𝑖𝑛𝑠  and hence, it leads to 





 ,         (1) 
 
𝜂 = 𝑓(𝐸𝑛𝑜𝑟𝑚),                                                          (2)  
 
where, 𝑈𝑟 is the rated voltage on insulator string [kV] in normal operation. Moreover, as the insulator string 
length 𝑙𝑖𝑛𝑠 is increased the insulator string’s basic lightning impulse insulation level (𝐵𝐼𝐿) also increases as 
(3) [13]. 
 
𝐵𝐼𝐿 = (𝑎 +
𝑏
𝑡𝑐
)𝑙𝑖𝑛𝑠                                                                       (3)  
 
where 𝑎, 𝑏, 𝑐 are constants. As a result, when we increase the insulation length 𝑙𝑖𝑛𝑠, the occurrence 
probability of fault caused by lightning is reduced. 
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However, with an existing transmission line, the increase in the insulator string length brings some 
drawbacks. Firstly, it reduces the air gap between the phase wire and exposed conductive part. Secondly, the 
overvoltage wave travelling to the terminal power substations will increase and hence, it causes a great 
damage to equipment. Therefore, the increase in the insulator string length should be limited. Normally, the 
number of porcelain in 110kV and 220kV is normally limited in 9 units and 16 units. It is also noted that the 
increase in an insulator string length by adding porcelain units is more saving than a SA installation. 
In summary, the SA installation is very good in technical terms but it is very exspensive while the 
increase in the insulator length is quite cheap but it has a negative impact on technical terms. Therefore, we 
need to determine a scheme to improve the line’s towers so that the line’s LTR satisfies the requirement and 
we can save the investment cost. 
 
 
3. ALGORITM PROPOSAL TO DETERMINE THE BEST IMPROVING SCHEME 
The objective of this section is to propose an algorithm to determine the best improving scheme for 
a transmission line such that the line’s LTR or NFCL in total meets the desired value and this scheme’s 
investment is the cheapest. Here, we propose the algorithm as shown in Figure 1(a). This algorithm is 
developed up on the NFCL value at each tower. Therefore, we need to calculate the NFCL value at each 
tower on the transmission line to obtain array PN which contains the NFCL value of all towers. 
Hence, the total NFCL of the line, 𝑛0, is calculated by (4) 
 
𝑛0 = 𝑠𝑢𝑚(𝑃𝑁).                                                                     (4) 
 
If the current value, 𝑛0, is over the required value 𝑛𝑟𝑒𝑞, we need to determine an improving method 
so that 𝑛0 ≤ 𝑛𝑟𝑒𝑞. In here, we consider three improvement methods. The first one is solely increase in the 
insulator string length (ISL). The second is solely SA installation. The last method is the combination of SA 
and ISL. The designated scheme by the algorithm is the best method which ensures the lowest cost and 







Figure 1. Algorithm to deternine the proposed method: (a) General algorithm, (b) ISL algorithm 
Int J Elec & Comp Eng  ISSN: 2088-8708  
 






Figure 1. Algorithm to deternine the proposed method: (c) SA installation algorithm, 
(d) Algorithm of the combination of SA and ISL 
 
 
3.1. The algorithm of increase in the insulator string length (ISL) 
The main principle of the ISL method algorithm is  
a. Porcelain units is prioritized to add to the insulator string of tower with the highest NFCL value; 
b. Towers whose distance to the nearby power substations is below 3km should not increase the insulator 
string length;  
c. Towers far from the substation between 3 and 4km only allow adding a porcelain unit; and other towers, 
we can add two porcelain units;  
d. Adding porcelain units should be carried out all phases.  
With above principle, the ISL algorithm includes 9 steps as shown in Figure 1b and is described as 
following. 
Step 1: Calculate NFCL value at each tower corresponding to the maximum porcelain units according to the 
above princible. We obtain a matrix 𝑃𝑁𝐼𝑈 whose first column is new NFCL values and its second column is 
the price to add porcelain units. It is next to Step 2. 
Step 2: Use an array 𝑃𝑁𝑆 to contain the initial NFCL value at all towers, a temporary array 𝑃𝑁𝑆𝑡 to avoid 
fulfilling ISL again in next loops, and 𝑍𝑆𝑡𝑟 to represent the investment cost of the ISL method. Here, we set 
𝑃𝑁𝑆 = 𝑃𝑁, 𝑃𝑁𝑆𝑡 = 𝑃𝑁, 𝑍𝑆𝑡𝑟 = 0. We find the tower position having the highest NFCL value and not yet 
been added porcelain units to carry out ISL. We suppose that the 𝑗𝑡ℎ tower is tower which satisfies the above 
conditions. We go to Step 3. 
Step 3: Calculate the porcelain adding investment cost by adding 𝑃𝑁𝐼𝑈(𝑗, 2) into 𝑍𝑆𝑡𝑟. We go to Step 4. 
Step 4: Set 𝑃𝑁𝑆𝑡(𝑗) = 0 to avoid repeating this tower in next loops. We go to step 5. 
Step 5: Replace the  𝑗𝑡ℎ tower's NFCL value by data corresponding to increase in the string length, 𝑃𝑁𝑆(𝑗) =
𝑃𝑁𝐼𝑈(𝑗, 1), and calculate the current NFCL in total, 𝑛𝑠. We go to Step 6. 
Step 6: Compare 𝑛𝑠 to 𝑛𝑟𝑒𝑞. If 𝑛𝑠 ≤ 𝑛𝑟𝑒𝑞, it is completed. Otherwise, it goes to Step 7.  
Step 7: Find the 𝑗𝑡ℎ tower position where has the highest NFCL value, 𝑛𝑗. We go to Step 8. 
Step 8: If all towers is carried out ISL, it means 𝑛𝑗 = 0, the algorithm is completed. Otherwise, it returns   
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3.2. Algorithm of SA installation 
As above mentioned, installing SA in parallel the insulator strings at a tower makes the NFCL value 
at this tower becomes approximate to zero. Hence, it is priority to install SA at the tower which has the 
highest NFCL value. The SA installation algorithm, as Figure 1c, is described as following.  
Step 1: Use a new array 𝑃𝑁𝑆𝐴 to contain the NFCL value at all towers on the line. Initially, we set 𝑃𝑁𝑆𝐴 =
𝑃𝑁 and the investment of this scheme 𝑍𝑆𝐴 = 0. 
Step 2: Find the 𝑝𝑡ℎ tower with the highest NFCL value, 𝑛𝑝, (𝑛𝑝 = 𝑚𝑎𝑥(𝑃𝑁𝑆𝐴)).  
Step 3: Install SA at the 𝑝𝑡ℎ tower. It means we set 𝑃𝑁𝑆𝐴(𝑝) = 0. 
Step 4: Calculate the investment cost by adding the SA installation price, 𝐶𝑆𝐴, in to 𝑍𝑆. It means 𝑍𝑆 = 𝑍𝑆 +
𝐶𝑆𝐴. 
Step 5: Calculate the total NFCL value after installing SA at the 𝑝𝑡ℎ tower, 𝑛𝑆𝐴 =  𝑆𝑢𝑚(𝑃𝑁𝑆𝐴), if 𝑛𝑆𝐴 ≤
𝑛𝑟𝑒𝑞, we continue to find and install SA at another tower by returning to Step 2. Otherwise, it is finished. 
 
3.3. Algorithm of combination of SA installation and increase in the insulator length 
Comparing to a SA, the price of porcelain unit is much cheaper, but ISL at a tower makes the NFCL 
value reduce insignificantly. Therefore, we need to increase in the insulator string length at many towers. It is 
noted that  
a. Principle of ISL is mentioned in subsection 3.1,  
b. At one tower, it is not allowed adding both SA and porcelain units, 
c. At one tower, either SA or ISL is carried out at all phases. 
To develop the algorithm of the combination of SA and ISL, we use array 𝑃𝑁𝐶 and array 𝑃𝑁𝐶𝑆 is 
to store the NFCL value of all towers when we combine SA installation and ISL, a temporary array 𝑃𝑁𝐶𝑆𝑡 is 
used to avoid adding porcelain again at a tower. We use 𝑍𝑆𝑡𝑟 and 𝑍𝐶  to represent the investment cost for 
adding porcelain and whole scheme, respectively. The algorithm of combination method, Figure 1d, is 
described as following. 
Step 1: Set 𝑃𝑁𝐶 = 𝑃𝑁, 𝑍𝐶, and calculate the current NFCL in total 𝑛 = 𝑠𝑢𝑚(𝑃𝑁). We use ∆𝑁𝑈 to evaluate 
the maximum of reduced NFCL value by ISL, with ∆𝑁𝑈 = 𝑠𝑢𝑚(𝑃𝑁) − 𝑠𝑢𝑚(𝑃𝑁𝐼𝑈(: ,1)). 𝑃𝑁𝐼𝑈 is obtain 
in the ISL algorithm. We go to step 2. 
Step 2: Calculate the difference between 𝑛 and the required NFCL, 𝑛𝑟𝑒𝑞. It goes to Step 3. 
Step 3: Check the condition of SA installation. If ISL cannot make the fault number, 𝑛, reduce to 𝑛𝑟𝑒𝑞 (∆𝑛 ≥
∆𝑁𝑈), we go to Step 4 to install SA. Otherwise, we start fulfilling ISL by going to Step 7. 
Step 4: Find a tower position to install SA. The 𝑝𝑡ℎ tower with the highest NFCL is tower needing SA 
installation. We go to step 5. 
Step 5: Set the 𝑝𝑡ℎ tower's NFCL at zero in both 𝑃𝑁𝐶 and 𝑃𝑁𝐼𝑈. We set again 𝑛 = 𝑠𝑢𝑚(𝑃𝑁𝐶), calculate 
again  ∆𝑁𝑈, and add the SA installation cost into 𝑍𝐶 after installing SA at the 𝑝
𝑡ℎ tower. Then, we return to 
Step 6. 
Step 6: If 𝑛 ≥ 𝑛𝑟𝑒𝑞, we need to return step 2. Otherwise, the algorithm is finished.  
Step 7: From this step, we start carrying out ISL. We use a array 𝑃𝑁𝐶𝑆 to contain the NFCL value after 
adding porcelain units and a temporary array 𝑃𝑁𝐶𝑆𝑡 to avoid adding units again in next loops, and 𝑍𝑆 to 
represent the units adding cost. Here, we set 𝑃𝑁𝐶𝑆 = 𝑃𝑁𝐶, 𝑃𝑁𝐶𝑆𝑡 = 𝑃𝑁𝐶, 𝑍𝑆 = 0. Step 8 will be carried 
out. 
Step 8: Find the tower position to add porcelain units. This tower must have the highest NFCL and has not 
yet neigther added porcelain units nor installed SA. We suppose the 𝑗𝑡ℎ tower satisfies this condition. We go 
to Step 9. 
Step 9: Calculate 𝑍𝑆 by adding 𝑃𝑁𝐼𝑈(𝑗, 2) in to 𝑍𝑆 and set 𝑃𝑁𝐶𝑆(𝑗) = 𝑃𝑁𝐼𝑈(𝑗, 1). Here, we use ns to 
represent the current NFCL in total of the line after carrying ISL at the 𝑗𝑡ℎ tower. We go to Step 10. 
Step 10: If 𝑛 ≤ 𝑛𝑟𝑒𝑞, Step 15 is fulfilled. Otherwise, it goes to Step 11. 
Step 11: Compare 𝑍𝑆 and 𝐶𝑆𝐴. If 𝑍𝑆 > 𝐶𝑆𝐴, we go to Step 12. Otherwise, we go to Step 14. 
Step 12: Find the tower with the highest NFCL value. We supposed that it is the 𝑝𝑡ℎ tower. We go to Step 
13. 
Step 13: Compare the efficiency of ISL and installing SA. If 𝑛 − 𝑛𝑠 ≤ 𝑛𝑝, we should install SA at the 𝑝
𝑡ℎ 
tower instead of ISL at many towers. Hence, we return to Step 5. Otherwise, we go to Step 14. 
Step 14: Set the 𝑗𝑡ℎ tower's NFCL in 𝑃𝑁𝐶𝑆𝑡 at zerro. We return Step 8. 
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4. VERIFICATION OF PROPOSED ALGORITHM 
The main objective of this section is to test the proposed algorithm. To verify the proposed 
algorithm, author applies this algorithm to a double circuit 220kV transmission line consisting of 115 towers. 
Some parameters of this line are given in Figure 2. This line crosses two areas with different natural 
conditions, the lightning flash number (LFN) of the first area (from 1 − 70𝑡ℎ tower) is 8.2flashes/km2/year 
while the data of the second area (from 85𝑡ℎ-the end tower) is 5.7flashes/km2/year. We suppose that LFN of 















Figure 2. Some parameters: (a) the heigth of towers, (b) the length of span 
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With above parameters, the NFCL at towers is shown as the dotted curve in Figure 3(a). From this 
figure, it is easy to calculate the NFCL value in total of the line is 1.6365flashes/year. Moreover, from this 
figure, it is clearly that the NFCL value is non-uniform at all towers on the line. Generally, the higher tower 
is, the higher NFCL is. Hence, to reduce the fault number, the tower with the highest NFCL value should be 












Figure 3. Calculation results: (a) ISL method, (b) SA method and (c) the combination method 
 
 
We suppose that the average cost to install one SA at phase wires of a tower is 𝐶𝑆𝐴=8100usd and the 
average data to add one and two porcelain units at all strings of a tower are 𝐶𝑆1=158usd and 𝐶𝑆2=226usd, 
respectively. It is noted that these costs include the price of SA or porcelain units, installation and 
compensation for power outage caused by adding SA or porcelain units into tower. We also suppose that we  
must reduce the total NFCL value to 50% of the current value, 1.6365flashes/year. It means 
𝑛𝑟𝑒𝑞=0.8183flashes/year. To achieve this objective, the above algorithm is implemented and the best method 
which is suggested by this algorithm is the combination of SA and ISL. This algorithm also give us results as 
Table 1 and Figure 3. 
 
 
Table 1. The investment cost and the total NFCL value after using methods 
Indexes ISL method SA method Combination method 
NFCL flashes/year 1.3399 0.8069 0.8174 
Investment (usd) 23279 356400 274906 
Int J Elec & Comp Eng  ISSN: 2088-8708  
 
Reduction of the number of faults caused by lightning for transmission line (Dinh Chung Phan) 
3373 
As can be seen from Table 1 and Figure 3, with the ISL method, although we added porcelain units 
at all permitted tower, the total NFCL value is still higher the requirement. Therefore, the ISL method is not 
considered. With the SA method, it can be seen that 44 towers in total should be installed SA and the NFCL 
value of these tower is very high. As a result, the total NFCL value is reduced to 0.8069flashes/year which 
satisfies the requirement. In contrast, with the combination method, it requires to install SA at 32 tower 
positions, 66 tower positions with two porcelain units and 5 tower positions with one porcelain unit. As a 
results, the total NFCL value after using the combination method is reduced to 0.8174flashes/year which is a 
lite higher than that using the SA method but it still satisfies the requirement. In terms of investment cost, the 
combination method's investment cost is lower than that of the SA method. The data are 274906usd and 
356430usd for the combination method and the SA method, respectively. Therefore, the combination method 
is recommended to improve this transmission line. 
With this algorithm, we can estimate the method which should be used to improve the transmission 
line when the required fault number is changed. As can be see from Figure 4, with a small decrease in 𝑛𝑟𝑒𝑞, 
between 90 and 100% of the current NFCL value, the ISL method should be used because it can give a small 
investment. Out of this range, the ISL method cannot be applied because the NFCL vaule cannot satisfy the 
requirement. With this range, the combination method is still better than the SA method. With the 
combination method, the number of towers with SA installation, two porcelain units, and a porcelain unit is 












Figure 4. Calculation results as varying the required NFCL: (a) NFCL, (b) investment cost, and  




In this paper, author proposed an algorithm to determine method which is used to reduce the fault 
number caused by lightning on transmission line. The algorithm is developed based on three methods 
including increase in the insulator string length, surge arrestor installation, and combination of SA 
installation and increase in the insulator string length. Algorithm's output is the proposed method which can 
make the line's total NFCL value satisfy the requirement and give a reasonable investment cost. Based on this 
algorithm, the reasonable method (number position needing to improve) to reduce the fault number of 
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